In light of global climate change, there is a pressing need to understand and predict the 20 capacity of populations to respond to rising temperatures. Metabolic rate is a key trait that is 21 likely to influence the ability to cope with climate change. Yet, empirical and theoretical 22 work on metabolic rate responses to temperature changes has so far produced mixed results 23 and conflicting predictions. Our study addresses this issue using a novel approach of 24 comparing fish populations in geothermally warmed lakes and adjacent ambient-25 temperature lakes in Iceland. This unique 'natural experiment' provides repeated and 26 independent examples of populations experiencing contrasting thermal environments for 27 many generations over a small geographic scale, thereby avoiding the confounding factors 28 associated with latitudinal or elevational comparisons. Using Icelandic sticklebacks from 29
Introduction
intermediate temperature (15 o C) is close to the maximum temperature experienced by fish 140 in cold habitats in the summer and the minimum temperature experienced by fish in warm 141 habitats in the winter (Table 1 ). The lowest temperature in this range (10 o C) is not generally 142 experienced by warm-habitat fish in the wild, and the highest temperature in this range 143 (20 o C) is not experienced by cold-habitat fish (Table 1) . Exposing fish to these unfamiliar 144 temperatures allowed us to examine the release of cryptic genetic variation in metabolic rate 145 and thus hidden evolutionary potential to respond to thermal changes (Paaby & Rockman 146 2014, Shama 2017).
148
Metabolic rate measurements 149 We used intermittent flow-through respirometry to estimate individual metabolic rates by 150 measuring oxygen uptake. Sixteen cylindrical, glass respirometry chambers (83 ml) were 151 submerged in a 93-L experimental tank (780 mm × 570 mm × 210 mm) containing air-152 saturated water. The water temperature within the experimental tank was maintained at 153 10 o C, 15 o C, or 20 o C depending on the treatment. This was done using a thermostated 154 reservoir connected to the experimental tank by a thermoregulator (TMP-REG system,
155
Loligo Systems, Denmark), which allowed us to maintain the water temperature within 8 0.2°C of our target temperature for the entire 24-h trial period. To maintain good water 157 mixing and avoid an oxygen gradient in the respirometry chambers, we used a peristaltic 158 pump (Masterflex, Cole-Parmer), which moved water through the chambers and around an 159 external circuit of gas-impermeable tubing (Masterflex, Cole-Parmer). Oxygen 160 concentration in the chambers was measured every two seconds using four Firesting 161 channel oxygen meters with sixteen associated sensors (PyroScience GmbH, Aachen, 162 Germany). To account for bacterial respiration during the trials, background bacterial 163 oxygen consumption was measured before and after each trial in the 16 respirometry 164 chambers (see Data analysis). A UV filter connected to the experimental tank was also used 165 to sterilise the water and minimise bacterial respiration. 166 We fasted fish for 48 h before the trials because metabolic rate increases during 167 digestion (Killen 2014). Trials started around 14:00 each day. Immediately before being 168 placed into a respirometry chamber, each fish was subjected to exhaustive exercise by being 169 chased in a circular tank; this allowed us to measure their maximum metabolic capacity 170 (Killen et al. 2012 , Clark et al. 2013 , Killen et al. 2017 . After complete exhaustion, which 171 always occurred within 2-3 min of chasing, fish were placed into individual respirometers.
172
Rates of oxygen uptake were then measured in 3-min intervals over a 15-min period, during 173 which the respirometers were sealed and the decrease in oxygen content was used to 174 calculate rate of oxygen uptake (see Data analysis). The maximum rate of oxygen uptake 175 measured during these five 3-min intervals was used as a proxy for the maximum metabolic 176 rate (MMR).
177
The fish were left in the respirometers undisturbed until around 14:00 the following 178 day. Every 9 min, an automated water pump (Eheim GmbH & Co. KG, Germany) would 9 switch on for 2 min flushing the respirometers with aerated water. Based on the decrease in As expected, larger fish had higher absolute metabolic rates, and metabolic rate tended to 225 increase with acclimation temperature (Table 2 ). Acclimation temperature explained over 226 30% of the variation in SMR but only 7% and 3% of the variation in MMR and AAS, 227 respectively ( Table 2) . SMR was therefore more variable than MMR and AAS in response 228 to acclimation temperature. Fish from warm and cold habitats also differed in the steepness 229 of their metabolic rate reaction norms ( Figure 2 ). In terms of SMR, warm-habitat fish had a 230 steeper metabolic rate reaction norm than cold-habitat fish in the allopatric population pair 231 but a less steep reaction norm in sympatric population 1 (Figure 2A) . 232 We found a statistically significant three-way interaction between thermal habitat, 233 population pair, and acclimation temperature on SMR and AAS (Table 2) . There was a 234 marginally non-significant effect of this three-way interaction on MMR (Table 2) . This 235 interaction indicates that the divergence in metabolic rate reaction norms between warm-236 and cold-habitat fish varied across the three population pairs (Figure 2 ). For example, there 237 was a stronger divergence in SMR and MMR between the warm-and cold-habitat fish in 238 the allopatric populations than in the sympatric populations (Figure 2A and 2B) . Similarly, 239 the strong effect of population pair and acclimation temperature×population pair on SMR 240 (Table 2) indicates that local adaptation may be driving variation in this trait across different 241 sites.
242
Differences in SMR between fish from warm and cold habitats tended to be more 243 pronounced at more extreme acclimation temperatures: in the allopatric population pair, 244 thermal divergence in SMR decreased with increasing acclimation temperature, and in 245 sympatric population 1, thermal divergence in SMR increased with increasing acclimation 246 temperature (Figure 2A ). However, in sympatric population 2, there was no divergence in 12 SMR between warm-and cold-habitat fish at any of the three acclimation temperatures 248 (Figure 2A ).
249
Similar to SMR, differences in MMR between thermal habitats tended to be more 250 pronounced at more extreme acclimation temperatures. Warm-habitat fish from sympatric 251 population 2 had a lower MMR and AAS than cold-habitat fish when both were acclimated 252 to 20 o C ( Figure 2B and 2C) . In the other two population pairs, warm-habitat fish had a 253 lower MMR and AAS than cold-habitat fish at 10 o C (Figures 2B and 2C) . We have taken advantage of a unique study system of geothermally heated and ambient-257 temperature populations to test whether fish in warm environments show a suppressed or 258 elevated metabolic rate compared to those in cold environments. We found a general 259 pattern for a lower SMR in sticklebacks originating from warm habitats, although the extent 260 of this effect varied depending on the population pair and acclimation temperature.
261
Interestingly, the SMR of warm-habitat sticklebacks at their naturally experienced 262 temperatures (15-20 o C) was similar to the SMR of cold-habitat sticklebacks at their naturally 263 experienced temperature (10-15 o C). This results in similar metabolic costs in these 264 contrasting thermal environments and is consistent with the predictions of countergradient 265 variation and Krogh's rule. Our findings therefore suggest that fish may evolve a lower 266 metabolic rate as global temperatures increase in response to climate change.
267
In our study system, some populations of sticklebacks living in warm or cold habitats 268 are in separate water bodies (allopatry), while others are found in different parts of the same 269 water body (sympatry). Given the potential for gene flow between sympatric but not Table 1 . Sampling locations of warm-and cold-habitat threespine sticklebacks collected in May-June 2016 in Iceland. Distance refers to how far apart the warm-habitat and cold-habitat sample sites are for each warm-cold pair. All cold habitats have existed since the last glacial period and are therefore approximately 10,000 years old, whereas warm habitats can be classified as either young (<80 years old) or old (>2,000 years old). The summer and winter temperatures listed are the average water temperatures recorded at each sampling location during the corresponding seasons. 
